In order to understand how processing occurs within the effective field of vision (i.e. perceptual span) during visual target localization, a gaze-contingent moving mask procedure was used to disrupt parafoveal information pickup along the vertical and the horizontal visual fields. When the mask was present within the horizontal visual field, there was a relative increase in saccade probability along the nearby vertical field, but not along the opposite horizontal field. When the mask was present either above or below fixation, saccades downwards were reduced in magnitude. This pattern of data suggests that parafoveal information selection (indexed by probability of saccade direction) and the extent of spatial parafoveal processing in a given direction (indexed by saccade amplitude) may be controlled by somewhat different mechanisms.
Introduction
Visual information -other than motion information -that is useful for identifying and locating objects is available only within a small central region during each eye fixation. This region is called the perceptual span when an observer performs multi-saccade tasks such as reading, visual search, and visual target localization (Rayner, 1998 (Rayner, , 2009 Rayner & Fisher, 1987; see Engel, 1977; Jacobs, 1986 , for similar span proposals). Visual target localization is defined here as a multi-fixation visual search for a target that is known to be present in a display. The evidence from tachistoscopic presentations is that (Jacobs, 1986) 80-90% (Geisler & Chou, 1995) of the variance in multi-fixation visual search performance is predictable from the amount of information available within the perceptual span. Clearly, an understanding of the perceptual span's properties is important for a comprehensive theory of visual target localization. Such a theory may be used to facilitate efforts devoted to modeling and predicting visual target localization in real-world settings (e.g. Itti & Koch, 2000; Parkhurst, Law, & Niebur, 2002; Turano, Geruschat, & Baker, 2003) , or virtual environments (Flanagan, McAnally, Martin, Meehan, & Oldfield, 1998) .
Processing within the perceptual span in multi-saccade tasks is productively assessed by gaze-contingent display change experiments (McConkie & Rayner, 1975) . In this kind of experiment, the display is constantly updated as a function of the observer's current point of fixation. Gaze-contingent procedures are useful as a window on visual processing because performance is sensitive to information manipulated within the perceptual span (Bertera, 1988; Bertera & Rayner, 2000; Cornelissen, Bruin, & Kooijman, 2005; Greene, 2006; Greene & Rayner, 2001; Phillips & Edelman, 2008; Prinz, 1984; van Diepen & d'Ydewalle, 2003) . For modern fast display change routines, artifacts introduced by transient stimulation are minimal (Inhoff, Starr, Liu, & Wang, 1998) . Hence, one may reasonably theorise about the properties of the perceptual span from gaze-contingent display change experiments.
Although the focus of the present study is the perceptual span for visual target localization, it is informative first to discuss known properties of the perceptual span for reading (see Rayner, 1998 Rayner, , 2009 for detailed reviews). The perceptual span for skilled readers of English text is asymmetric to the right of an eye fixation: it extends from 3-4 letters leftwards of the current eye fixation (Rayner, Well, & Pollatsek, 1980) to about 14-15 letters rightwards of the fixation (McConkie & Rayner, 1975; Rayner, 1986; Rayner & Bertera, 1979 ). For less skilled readers, the span to the right of fixation is smaller (see Rayner, 1986) .
It is tempting to think of the perceptual span as being solely determined by the retinal structure: photoreceptor to ganglion cell convergence ratio increases rapidly into the peripheral retina leading to a rapid decline in visual acuity in peripheral vision. However, when acuity is compensated for via parafoveal magnification of letters, the size of the span remains at about 14-15 letters to the right of fixation (Miellet, O'Donnell, & Sereno, 2009 ). In addition, for readers of English, there is a left-right asymmetry in the perceputal span (the perceptual span only extends four letters to the left) which is not predictable from retinal structure. This asymmetry is also not due to the fact that language is processed primarily in the left hemisphere (which specializes in processing right visual field information), as the rightward asymmetry in the reading perceptual span is not universal. For Hebrew (which is read from right-to-left), the span is asymmetric to the left of fixation (Pollatsek, Bolozky, Well, & Rayner, 1981) . It is also asymmetric to the left when readers of English read text presented in right-to-left format (Inhoff, Pollatsek, Posner, & Rayner, 1989) . Additionally, Osaka (1993) found that the span for reading Japanese characters is asymmetric towards the direction of reading (either along the horizontal or the vertical axis). (Japanese text can go either in a horizontal or vertical direction.) Also, whereas there is a sizable asymmetry in retinal structure between the upper and lower visual fields, there is little evidence of a similar horizontal asymmetry in non-clinical observers (see Previc (1990) for a review).
In sum, the findings above indicate that the perceptual span is sensitive to task demands. More specifically, the perceptual span for reading is biased towards the direction from which useful information is reasonably expected. That is, it is consonant with the evidence that saccades are necessarily preceded by a covert shift of attention to the saccade goal (Deubel & Schneifer, 1996; Henderson, 1993; Irwin & Zelinsky, 2002; Kowler, Anderson, Dosher, & Blaser, 1995; MacDonald, 2006; Rayner, McConkie, & Ehrlich, 1978) . We refer to this hypothesis as the biased expectation span theory (BEST from this point on).
How BEST relates to visual target localization is not clear, probably because the question is not as extensively researched as it is for reading. Prinz (1984) asked observers to search from top to bottom through rows of letters for a target that was relatively easy to discriminate from distractor letters. In this easy unidirectional search condition, the target would be expected to be found in the direction of up-coming saccades, and the data indicated a bias towards obtaining information from greater distances below fixation than from above (i.e., an asymmetric perceptual span). In a follow-up condition, a gaze-contingent display change (henceforth, GCDC) procedure was used to insert targets above fixation into rows that observers had finished scanning. This manipulation increased the uncertainty about where the target may be found. Its effect was to reduce the perceptual span asymmetry (by an upward extension) when observers were notified of the manipulation (consistent with BEST). Finally, uncertainty about the target's position was increased by making the target difficult to discriminate from distractor letters. Under this condition, observers obtained information equally well from below and above the fixated row (Prinz, 1984) .
In a similar study with difficult to find targets, Phillips and Edelman (2008) instructed observers to scan a vertical array of characters from top to bottom (i.e., with top-bottom eye movements) in search of a target. A GCDC procedure was used to replace a distractor with a target at distances below or above the current fixation point. (The target was only presented during some of the fixations.) They found that although the perceptual span increased with experience, observers were equally adept at detecting the target below and above fixation. A reasonable explanation is that when the target is difficult to find, observers may expect to miss it as they direct their saccades down the rows, and thus on any fixation it may be as likely to be above the current fixation as below it.
The two studies described above suggest that, for visual target localization, when there is uncertainty about where the target might be found relative to the current point of fixation, the perceptual span does not demonstrate an asymmetry. However, the studies described above used contrived visual target localization tasks in the sense that the participants were instructed to scan in a certain direction. Given that eye movement control when saccades go primarily in one direction (as in reading text) is not necessarily the same as eye movement control for visual search (Rayner, 2009) , if one wants to determine perceptual span properties during visual search, one must use a task involving multi-directional/free-scanning behavior (i.e., where the participant is not given any instructions on how to scan) .
The present study addressed this free scanning issue by embedding a discrete target in a naturalistic background. To optimize the uncertainty about the target's location relative to the current point of fixation, it was necessary to select a target that was difficult to find. Pilot data from nine naïve participants indicated that 5.5 s (SD = 1.6 s) were required to search for and acknowledge on a keyboard that the target had been localized. Such a mean reaction time is much longer than the reaction times typically observed in difficult visual search experiments where the task is to localize a discrete target embedded either within discrete distractors (e.g. Treisman & Gelade, 1980; Wolfe, Butcher, Lee, & Hyle, 2003) , or within a naturalistic background (e.g. Wolfe, 1994a Wolfe, , 1994b . Thus the target selected for the present study was sufficiently difficult to induce uncertainty about where it might be found relative to the current point of fixation.
Perceptual span processing was assessed by a GCDC moving parafoveal mask procedure (Rayner & Bertera, 1979) which disrupted parafoveal information pickup along the vertical and the horizontal meridian during the visual target localization task (see Fine & Rubin, 1999 for a similar manipulation in reading). (The mask can be thought of as an artificially induced scotoma.) To disambiguate between the expectation of acquiring useful information, and the extent of spatial processing within the perceptual span, the primary measures of interest were (1) the probabilities of making saccades in different directions and (2) the mean amplitudes of saccades made in different directions. The probability measure is an index of information selection strategy. That is, observers plausibly direct saccades towards expected target areas. In contrast, mean saccade amplitude reflects the relative spatial extent of parafoveal information processed during an eye fixation. Longer saccades are generally executed when parafoveal information is processed over greater eccentricities (Bertera & Rayner, 2000; Cornelissen, Bruin, & Kooijman, 2005) . The study was designed to provide a picture of directional processing within the perceptual span as observers try to localize a target in a free-scanning task. If the perceptual span for visual target localization is biased towards the direction from which useful information is reasonably expected, the probability of directing saccades in different directions and the saccade amplitude measures should behave in a similar manner. That is, the extent of spatial processing in a given parafoveal direction would be coupled with expectation of acquiring information in the same direction.
Method

Subjects
Ten adult observers (six females) from the University of Massachusetts community participated in the experiment for $7 each. They were all skilled readers of English with normal or corrected-to-normal visual acuity, and they unaware of the purpose of the experiment.
Stimuli
Roadmaps were used as stimuli in the experiment. They represent a class of real-world complex visual search stimuli (see Kingstone, Smilek, Ristic, Friesen, & Eastwood (2003) for a discussion on the importance of approximating real-world conditions in the laboratory). Maps are useful in approximating many real-world visual search conditions in that the searcher must contend with pictorial, symbolic and verbal distracters (i.e., the names of cities and counties). The stimuli were 10 maps digitized from a Rand McNally™ United States of America road atlas (see also Greene (2008) ). For the present study, the white backgrounds on the maps were changed to black (using Paint software) to match the black masks introduced in some search conditions. The target was a grey outline of a square (1.0°Â 1.0°). It was superimposed on a map that was 21°Â 21°and presented in one of the 16 positions shown in Fig. 1A . A sample trial screen depicting an observer's fixation on the target (after searching for it) is presented in Fig. 1B . Here, the observer has a mask to the west (i.e. left) of fixation where the map information is missing. Note that the outline around the rectangular gaze-contingent moving mask and the arrow pointing to location of the target in Fig. 1B are just for illustrative purposes; neither was present in the experiment. The maps were always oriented with North at the top to make the search stimuli most similar to real-world visual search conditions with maps.
Apparatus
Observers sat 55 cm in front of a computer monitor. A chinrest was used to minimize head movement. Eye positions were sampled at 500 Hz by an Eyelink II system controlled by EYETRACK software (see http://www.umass.edu/psychology/div2/eyelab/). In parafoveal mask conditions, fast GCDC updates were available within a mean delay of 3 ms ± 1 standard deviation per sample. The GCDC routine was used to place a mask 2°to the east, west, north, or south of eye fixation. This designation of mask locations reflects compass points (which are used in the Results section to describe how saccades were directed). The mask itself was a black rectangle that measured 4°wide Â 2°high on the screen relative to the observer's position on the chinrest (as shown in Fig. 2A ). Another way of thinking about the extent of the mask is the following: if the mask was to the east of fixation, its near edge extended from ENE to ESE (see Fig. 2B ). Hence, within a fixationcentered framework (as shown in Fig. 2B, 2C ), the side of the mask adjacent to the fixation point measured 45°in height. Eye drift corrections were performed automatically before the start of each trial to ensure accuracy of measurement, and responses to indicate the end of search were made by the observers on a computer mouse.
Procedure
On each trial, the observer was in one of five mask conditions (no mask; eastwards, westwards, northwards, and southwards masks). The conditions were presented in a pseudo-random order in a 45 min session. Observers were informed of the mask manipulation and that the target would be present in every trial. Their task was to localize the target as quickly as they could. Each trial started with a central fixation point. The experimenter initiated the trial. Observers were instructed to maintain their gaze on the target once it was found and to press the mouse button to terminate the search. There were 20 practice trials (4 trials Â 5 mask conditions), 240 test trials (8 target positions Â 6 repetitions of each target position Â 5 mask conditions), and 10 filler (un-scored) trials (2 trials Â 5 mask conditions). Each filler trial contained a target in the outer ring of possible target locations (see Fig. 1A ). The purpose of the filler trials was to increase the level of uncertainty about the target's location from trial to trial. In effect, an attempt was made to minimize the chance of observers' learning to restrict their scanning to only some parts of the map. These few trials were not scored. At the end of the experiment, measures of interest were obtained offline by in-house-developed programming codes.
Results
General issues
Target localization
All trials on which manual responses were over 30 s were excluded from the trials (these were 3% of the trials). For the remaining trials, the mean manual reaction times were greater than 5.0 s for all the mask conditions (see Table 1 ). This indicates that participants had a high level of uncertainty about where to find the target, Given that the target was always present, it was necessary to confirm that the target was localized before a response was made. The first step was to standardize the ordinal number of the eye fixation using the following equation (which provides a value between 0.0 and 1.0 that indicates when, in the trial, a fixation was, irrespective of the number of fixations used to localize the target in each trial).
Standardized ordinal fixation index ðSOFIÞ ¼
ordinal fixation number in the trial number of fixations in the trial
The first issue of interest is how far fixations were from the target at the end portion of the trial (when the target had presumably been localized) compared to those in the middle of the trial (when the observer was presumably still searching for it). (The earlier fixation locations would be strongly biased by the initial fixation location and thus not of interest.) In particular, we compared fixation scatter in the middle of the trial (.30 < SOFI < .60) to that in the end portion (SOFI > .90) of each search trial. Inspection of fixation scatterplots showed that during the middle portion of search trials, fixations were rather randomly distributed around the display, whereas for the end portion of search trials, fixations clustered around the target position. (See Fig. 3 for sample scatterplots for one observer.) A more quantitative measure of closeness to the target is probability that the distance of a fixation from the target's location (see Greene, 2008 ) is less than a threshold value. We selected the value of being within 100 pixels (2.6-3°) of the target as a reasonable measure of ''closeness". (However, the conclusions below do not rely on this particular value.) Table 2 shows the percentage of fixations within 100 pixels of each target. During the middle portion of an individual search trial only 8% of fixations landed within this distance of the target, whereas just before the mouse-press response was made at the end of a trial, 82% of fixations were within this distance of the target (see Table 2 ). This provides quantitative evidence that the target was localized before trials were terminated. One might be concerned that the percentage of end portion fixations near the target was not higher than 82%. However, the scan paths during this end period indicated that the percentage of fixations near the target was not higher because observers tended to move their eyes away after they found the target (possibly either from boredom or as an artifact of making the manual response).
Contextual cueing
One aspect of the task that potentially could bias the direction and length of saccades is that observers sometimes implicitly learn to extract regularities when particular visual search displays are repeatedly presented. This phenomenon, called contextual cueing (Chun & Jiang, 1998; Peterson & Kramer, 2001; Williams, Pollatsek, Cave, & Stroud, 2009) , facilitates the search process but may potentially bias the direction and amplitude of saccades. More specifically, given that the targets in the present experiment were always in pre-specified locations, observers may have learned to avoid distributing their fixations in the central area where no-target appeared. However, surprisingly, this does not appear to be the case. From visual inspection of fixation scatterplots, the fixations during the middle portion of a trial (i.e., .30 < SOFI < .60) appear to be evenly distributed around the entire display (e.g. Fig. 3A) .
For a quantitative assessment of this hypothesis, the central area was defined by a square within the ring of possible target locations. For these middle period fixations, 526 were within the central area which was 165°squared in area compared to 669 in the non-central area in which the targets were located, which was 276°squared in area. It thus appears that the percent of fixations within the target region (56.0%) was actually slightly less than would be predicted by the relative sizes of the regions (62.6%). Thus there was no strong evidence that the observers learned to avoid the central area of the displays. Alternatively, learning may be evident in fixation durations. It is possible that fixations in the central areas were just quick ones between fixating the non-central (target-containing) areas. However, there was no significant difference in fixation durations between the central and non-central areas (233.5 ms vs. 233.7 ms, t < 1). In effect, there was no evidence that the observers spent less time picking up information from the central (no-target) area.
Another reasonable expectation from contextual cuing is that fixations would be systematically directed towards potential target locations (i.e. the ring of potential target locations) before the target was found. Observation of the scatter of fixations mid-way through individual search trials (i.e. middle portion fixations) revealed no evidence of clustering near potential target areas (e.g. Fig. 3A ). Clustering around target positions (i.e., the location of the actual target) occurred only towards the end of search. On the strength of observations that fixations were not directed specifically towards potential target areas mid-way through individual search trials, it is suggested (again) that evidence of implicit learning of target locations was weak.
Perceptual span issues
Percentage of saccades
The percentages of saccades made in different directions were used to quantify parafoveal information selection. Saccades were categorized as moving in one of eight directions as shown in Fig. 2C . Each direction category measured 45°of arc (which was also the size of the adjacent region occluded by a mask when it was present -see Fig. 2 ). The percentages of saccades were subjected to a 5 (mask position) Â 8 (saccade direction) repeated measures ANOVA. The analyses revealed that there were overall biases against moving to the south, F(7, 63) = 19.53, p < .001 (see Fig. 4 ). Post hoc (LSD) comparisons indicated that there was no significant difference among east-bound, west-bound, and north-bound percentages (p > .15), no significant difference between the percentage of east-bound and west-bound saccades (p > .80), but a higher percentage of saccades were north-bound than south-bound (p < .01). Some of these differences may be related to reading habits, in particular, the higher percentage of east-bound and west-bound saccades. However, given that all our participants read languages in which text went from left-to-right, the lack of difference between the percentage of east-bound and west-bound saccades would be hard to explain from reading preferences. The difference between north-bound and south-bound saccades would also be difficult to explain from reading habits.
The interaction between mask location and saccade direction was also significant, F(28, 252) = 4.93, p < .001, indicating that the mask was affecting the direction of saccades. This interaction effect was analyzed a posteriori as simple effects (see Keppel & Wickens, 2004 ) of masks at the various saccade directions (e.g. effect of mask at north-bound saccades). The family-wise error rate for mask at the eight saccade directions was set at .10. The eight simple effects were tested at a per-test error rate of .0125 (i.e. Bonferroni correction of .10/8). A summary of the results for the eight simple effects is presented in Table 3 . What is notable from the analyses is that the masks affected north-bound, south-bound, east-bound, and west-bound saccades (p < .0125). These four significant simple effects were analyzed further as simple interaction comparisons (i.e. protected 2-tailed t tests) relative to the no-mask condition. A per-test error rate of .0125 was used, and the results are summarized in Fig. 5 . (The main effect of mask condition is of no interest because the data are percents of saccades and, by definition, equal percents were in each mask condition.) The simple interaction comparison results are presented in Fig. 5 . Masks north and south of fixation had no significant effect on saccade direction (ps > .12). A mask east of fixation was associated with a significant increase in north-bound and south-bound saccades, and a significant decrease in east-bound saccades (p < .0125 in either case) but the effect on west-bound saccades was not significant (p = .068). Similarly, a mask west of fixation was associated with a significant increase in north-bound and south-bound saccades, and a significant decrease in west-bound saccades (p < .0125 in all cases), but the effect on east-bound saccades was not significant (p = .051).
Saccade amplitudes
Saccade amplitudes are another plausible index of the spatial extent of parafoveal processing before a saccade is executed. They were also subjected to a 5 mask position Â 8 saccade direction repeated measures ANOVA. There was no main effect of the mask factor, with average amplitudes of about 4°in the five mask conditions (minimum = 4.23°, maximum = 4.36°, F(4, 36) = 1.23, p = .32). Fig. 6A shows that saccade amplitudes were not the same for the different directions, F(7, 63) = 16.99, p < .001. Fig. 6A suggests that saccade amplitudes were greatest when south-bound. This makes sense because there were fewer south-bound saccades; thus, to explore the image, longer saccades would be needed. Post hoc (LSD) comparisons indicated that (i) south-bound amplitudes were greater than north-bound amplitudes by 1.38°(p < .05), and (ii) east-bound amplitudes were slightly greater than west-bound (0.40°difference, p < .05). However, post hoc (LSD) comparisons indicated that while south-bound amplitudes were greater than west-bound amplitudes by 1.16°(p < .01), they were only slightly larger than east-bound amplitudes (0.76°difference, p = .06). A polar plot of saccade amplitudes as a function of saccade direction is depicted in Fig. 6B . The plot illustrates the spatial extent of parafoveal processing.
With respect to disruptive effects of parafoveally-placed masks on perceptual span processing, the interaction between mask position and saccade direction was significant, F(28, 252) = 2.00, p < .005. As before, eight simple effects were tested at a per-test error rate of .0125 (i.e. Bonferroni correction of .10/8). A summary of the results is presented in Table 4 . Only south-bound saccades were significantly affected by masks (p < .001). This significant simple effect was analyzed further as simple mask comparisons relative to the no-mask condition. Fig. 7 shows a .74°reduction in south-bound saccade amplitudes (relative to the no-mask condition) when the mask was south of fixation (p = .017). In sum, observers had a tendency to make shorter south-bound saccades when the mask was placed within the southern (i.e. lower) visual field. Fig. 7 also indicates that there was almost as big a reduction in the size of south-bound saccades (.58°) when the mask was placed within the northern visual field (p = .024).
Discussion
The current study was motivated by BEST, the hypothesis that the perceptual span is biased towards the direction from which useful information is reasonably expected. This hypothesis explains why the perceptual span is biased towards the (i) right when English is read (Rayner et al., 1980) , (ii) left when Hebrew is read Negative values reflect a suppression of saccades in the presence of a given mask. Asterisks indicate significant differences from baseline (p < .0125). (Pollatsek et al., 1981) , and (iii) bottom when vertically-arranged Japanese characters are read (Osaka, 1993) . It also explains the span asymmetry in unidirectional-scanning visual target localization tasks when the target is reasonably expected towards the direction of scanning (Prinz, 1984) . For unidirectional scanning tasks, when the target is reasonably expected towards and away from the direction of scanning, the asymmetry is reduced (see Phillips & Edelman, 2008; Prinz, 1984) . Of specific concern in the present study was the direction of processing within the perceptual span for free-scanning visual target localization. As indicated earlier, there was little evidence for a contextual cuing effect (i.e., that saccades were targeted at locations where the targets generally were). Perhaps the presence of the map made the eight target locations less salient than situations in which contextual cueing is observed (e.g., Chun & Nakayama, 2000) in which alphanumeric characters are the only stimulus elements. This makes the interpretation of the effects of the mask easier to interpret, as the direction and size of saccades was not influenced by where the eight target locations were.
Directional processing within the perceptual span was determined by studying the effects of artificial gaze-contingent moving parafoveal masks on the execution of saccades. The percentage of saccades made in different directions was utilized as an index of parafoveal information selection strategy during visual target localization. Generally, percentages of saccades to the east, west, and north were higher than south-bound percentages. Thus, there was an asymmetry such that saccades were generally directed away from the lower visual field. Parafoveal masks were used to test more specifically how information was selected within the perceptual span. The logic was that if a mask occluded potentially useful parafoveal information, it would inflict a cost on parafoveal selection. Selection strategy within the vertical field was different from that within the horizontal field. No cost was evident when masks were placed north or south of fixation (i.e., within the vertical visual field). However, masks within the horizontal visual field were costly, in that observers reduced the percentages of saccades executed towards masks east or west of fixation. Interestingly, the cost within the horizontal visual field showed very little (if any) asymmetry. Assuming that observers direct saccades towards what they think might be the target's location, one may hypothesize that useful information was expected symmetrically along the vertical and horizontal fields. However, there was greater expectation of acquiring information along the horizontal than the vertical axis (see also Chan & Tang, 2007 who suggested that target detection occurs within a horizontally elliptical span). Curiously, when a mask was located eastwards or westwards of fixation, observers increased their percentages of north-bound and south-bound saccades, but not their respective percentage of west-bound or eastbound saccades. In effect, in the presence of horizontally-placed parafoveal masks, observers changed their strategy such that there was a relative increase in selection of information along the nearby vertical field. While mask-induced plasticity in how saccades are executed is not unusual (see Huxin, 2008) , the particular selection pattern observed in the present study requires further study.
It is possible that the dominance of horizontally-directed saccades may reflect observers' tendency to read the names of streets and cities on the road maps used in this study. However, this spec- ulation is weak for a number of reasons. First, given the difficulty of the task, and the instruction to localize the target as quickly as they could, observers were unlikely to focus on reading the names. On some level, words were the stimuli on the presented maps that were least similar to the target square. The literature on guided search (Wolfe, 1994a (Wolfe, , 1994b and eye movements (Rayner, 2009) reasonably predict that in the present study, search would not have been guided towards words. Third, to assume that the pattern of scanning reflects reading of the names, presumes that the names were arranged in rows. They were not. For left-right reading, one would expect a higher percentage of east-bound than west-bound (regression and return sweep) saccades (see Rayner, 1998 for a review of reading). This was not the case in the present study. Saccade amplitudes were used to estimate the relative spatial extent of preview information before a saccade is executed (Rayner, 1998 ). The relative shape of the perceptual span was inferred from saccade amplitudes made in different directions. In the present study, saccade amplitudes were about 3-6°in amplitude (see Fig. 6 ). Given that the region blocked by the mask was within a 6°radius (see Fig. 2A ), saccades were not generally launched beyond the mask. Generally, there was an asymmetry such that south-bound (and to some extent, east-bound and southeastbound) saccades were longer than other saccades (see Fig. 6 ). The results are consistent with a perceptual span that is asymmetric in the direction of the lower visual field (e.g. He, Cavanagh, & Intrilligator, 1996) . The amplitude results may be explained by functional specializations in saccadic systems (e.g. Previc, 1990 Previc, , 1998 . Saccadic activities conducted in peri-personal space (i.e. body space within arm's reach) tend to have an attention bias towards the lower visual field (Previc, 1998) . In the present study, the observers sat within arm's reach (55 cm) of the displays, which may explain the lower field asymmetry.
To test more specifically how information was used within the perceptual span, it was reasoned that when a mask occluded potentially useful parafoveal information, it would inflict a cost on saccade amplitudes in the direction of the mask. This explains why a mask south of fixation reduced south-bound saccade amplitudes relative to the no-mask condition. Unexpectedly, however, there was almost as big a cost to south-bound saccades when the mask was placed within the northern visual field. This latter effect is clearly difficult to explain by such a hypothesis. Instead, the data indicate that there was a general tendency to limit the amplitudes of south-bound saccades when a ''problem" was detected in the vertical direction.
Further research is clearly needed to arrive at a definitive explanation for this phenomenon. However, the following explanation seems like a reasonable one. At the start of a fixation, a moving mask (in any location) may reasonably be expected to exogenously attract attention before attention is re-directed elsewhere in the visual field (Posner, 1980) . The exogenous shift of attention towards the mask may impose a perceptual cost at other (previously unattended) visual field locations (Montagna, Pestilli, & Carrasco, 2009 ). This cost may contribute to a reduction of saccade amplitudes, and it would be most evident in the direction where saccade amplitudes were longest and where attention was drawn 180°away from the direction of the saccade. As can be seen in Fig. 6 , there are suggestions of such an effect for saccades in the north, east, and west directions, although they are very small. However, as the southward saccades were generally quite a bit longer on average, it makes sense that this inhibiting effect should be most pronounced for the southward saccades.
The present data thus indicate that the masks had a different effect on the amplitudes of saccades than on the percentage of saccades executed in different directions. Separate systems for when the eyes move, and where the eyes move (which includes amplitude and direction) in search of a target have been proposed in the past (Rayner, 1998) . It is likely that amplitude and direction mechanisms are also separable (Abrams & Jonides, 1988; Allik, Toom, & Luuk, 2003; Becker & Jurgens, 1979) . The individuality of the two systems is most evident when a display contains many potential target locations for voluntary saccades (Abrams & Jonides, 1988) . This was precisely the situation in the present study with target localization in real-world roadmaps. In effect, the perceptual span may contain a span of information selection (indexed by saccade direction) that behaves differently from a parafoveal preview span (indexed by saccade amplitude). The distinction may be similar to Rayner's (1998; see also Rayner & Fisher, 1987) conceptualization of the perceptual span in visual search as consisting of a decision region and a preview region.
The present study suggests that, with little expectation of which direction the relevant information will be from fixation, the perceptual span may maintain a spatial asymmetry based on functional specializations of the visual attention system (e.g. Previc, 1990 Previc, , 1998 . However, the asymmetry is malleable. For instance, although there seems to be a spatial asymmetry towards the lower visual field when search is performed in peri-personal space, there is virtually no information extracted from this region when reading English text (Pollatsek, Raney, LaGassee, & Rayner, 1993) . Parafoveal information selection within the span is also malleable in that there is a relative increase in selection from the vertical field when a mask is placed within the horizontal field. In conclusion, the major findings of the present study are as follows. First, during a freescanning task, parafoveal information selection (indexed by probability of saccade direction) and the extent of spatial parafoveal processing in a given direction (indexed by saccade amplitude) may be controlled by uncoupled mechanisms. This has been shown previously in constrained eye movement tasks (e.g. Abrams & Jonides, 1988; Allik et al., 2003; Becker & Jurgens, 1979) . Second, with respect to parafoveal selection strategy, the lower visual field was selected sparingly. As well, when a parafoveal mask was present within the horizontal visual field, observers changed their strategy such that there was a relative increase in selection of information only along the nearby vertical field, and not along the opposite horizontal field. Further study is required to explain this newly discovered direction selection strategy within the perceptual span. Third, with respect to the relative shape of the span for visual target localization, saccade amplitudes within peri-personal space suggest that the perceptual span may be asymmetric towards the lower visual field (see also Heet al., 1996; Talgar & Carrasco, 2002) . This is congruent with functional specializations in the visual attention system (e.g. Previc, 1990 Previc, , 1998 . However, masking the vertical visual field appeared to reduce the asymmetry.
